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RECESSED ELECTRODE FOR ELECTROSTATICALLY ACTUATED 

STRUCTURES 



CROSS-REFERENCE TO RELATED APPLICATION 

5 This application claims the benefit of prior U.S. Provisional Application Serial 

No. 60/396,869, filed July 18, 2002, which is hereby incorporated by reference herein. 



FIELD OF THE INVENTION 

The present invention relates to micro-electro-mechanical systems (MEMS). The 
10 present invention relates to a design feature that allows lower actuation voltage for 
electrostatically actuated structures (i.e., switches or mirrors). The present invention 
further relates to a method for fabricating such a design that allows lower actuation 
voltage. 



15 BACKGROUND OF THE INVENTION 

An electrostatic MEMS switch is a switch operated by an electrostatic charge and 
manufactured using MEMS techniques. The MEMS switch can control electrical, 
mechanical, or optical signal flow, and they have application to telecommunications, such 
as DSL switch matrices and cell phones, Automated Testing Equipment (ATE), and other 
20 systems that require low cost switches or low-cost, high-density arrays. 

Many MEMS switches are designed to employ a cantilever or beam geometry. 
These MEMS switches include a movable beam having a structural layer of dielectric 
material and a conductive/metal layer. Typically, the dielectric material is fixed at one 
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end with respect to the substrate and provides structural support for the beam. The layer 
of metal is attached to the underside of the dielectric material and forms a movable 
electrode and a movable contact. The movable beam is actuated in a direction towards 
the substrate by the application of a voltage difference across the electrode and another 
5 electrode attached to the surface of the substrate. The application of the voltage 
difference to the two electrodes creates an electrostatic field which pulls the beam 
towards the substrate. The beam and substrate each have a contact which is separated by 
an air gap when no voltage is applied, wherein the switch is in the "open" position. 
When the voltage difference is applied, the beam is pulled to the substrate and the 

10 contacts make an electrical connection, wherein the switch is in the "closed" position. 

MEMS switches having low actuation voltages are very desirable. The required 
actuation voltage can be reduced by either reducing the gap distance between the two 
electrodes or increasing the surface area of the electrodes. Assuming that the electrode is 
occupying a maximum area of the beam, the dimensions of the beam must be increased to 

15 accommodate a larger electrode. A problem associated with increasing the length of the 
beam is that the beam becomes more compliant, thus increasing the likelihood of stiction, 
i.e., a condition wherein the movable beam will not revert back to an "open" position 
from a "closed" position. Also, reducing the gap distance between the electrodes can 
increase the likelihood of stiction. Furthermore, reducing the gap distance between the 

20 electrodes can increase the difficulty in forming the protruding contacts because there is 
less available area beneath the movable beam to do so. Another problem with reducing 
the gap distance is that any stress and curvature of the beam can lead to contact of the 
electrodes, thus shorting the electrodes. 
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SUMMARY OF THE INVENTION 

It is an object of the present invention to provide a design feature that allows 
lower actuation voltage for electrostatically actuated structures (i.e., switches or mirrors). 
5 It is another object of the present invention to provide a method for fabricating 

such a design that allows lower actuation voltage. 

It is another object of the present invention to provide an electro-statically 
actuated switch having a reduced gap distance between electrodes for reducing actuation 
voltage. 

10 It is a further object of the present invention to provide a more reliable electro- 

statically actuated switches. 

It is yet another object of the present invention to provide electro-statically 
actuated switches that reduce the likelihood of stiction and beam deformation. 

The present invention relates to a MEMS switch having a recessed, movable 
1 5 electrode. Furthermore, the present invention provides a method for fabricating a MEMS 
switch having a recessed, movable electrode. 

BRIEF DESCRIPTION OF THE DRAWINGS 

These and other objects and advantages of the present invention will become 
apparent and more readily appreciated from the following detailed description of the 
20 presently preferred exemplary embodiments of the invention taken in conjunction with 
the accompanying drawings, of which: 

Figs. 1-19 illustrate cross sectional views of a method for fabricating a structure in 
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accordance with the present invention; and 

Fig. 20 illustrates a graph showing the difference in the deflection of the tip of the 
cantilever beam switch as a function of the actuation voltage with and without the 
recessed electrode. 

5 

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 

The preferred embodiments of the present invention will now be described with 
reference to Figs. 1-20, wherein like structures and materials are designated by like 
reference numerals throughout the various figures. The inventors of the present invention 

10 disclose herein a structure and method for designing a structure that allows lower 

actuation voltage. Further, specific processing parameters provided herein are intended to 
be explanatory rather than limiting. 

The process used for fabricating the structures with the recessed electrodes can be 
both surface-bulk-micromachining processes. In the case of surface micromachining, the 

15 process can be performed by fabricating multiple separately patterned sacrificial layers 
and forming a surface topology of the underside of the mechanical structure so that it is 
optimal from the performance standpoint. One such possible fabrication process is 
illustrated below. 

Figs. 1-19 illustrate one method for fabricating the structure of the present 
20 invention. Fig. 1 illustrates a cross sectional view of a substrate 2 having a silicon (Si) 
layer. The substrate 2 can have a diameter of 150 mm, but can also can formed in any 
diameter, including but not limited to 200 mm and 300 mm. 
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After the substrate 2 is formed, in Fig. 2, a thermal oxide layer 4 of about 0.5 to 1 
um is deposited/formed on the substrate 2. Thereafter, in Fig. 3, a conductive layer 6 
such as a metal is patterned and grown on the oxide layer 4. The conductive layer 6 may 
be grown/formed by CVD, sputtering, electroless plating, electro-deposition, 
5 electrochemical deposition, etc, or combinations thereof, and then etched. The 
conductive layer may be a copper layer. 

Next, in Fig. 4, a stud 8 is patterned and grown to form the electrical 
interconnection between the conductive layer 6 and a subsequent second conductive layer 
16 layer (see Fig. 7). During this process, the conductive material (e.g., copper) can be 
1 0 electrochemically deposited. 

In Fig. 5, a dielectric layer 10 is deposited over the conductive layer 6 and stud 8. 
The dielectric layer 10 can be formed using PECVD silicon dioxide, or some other 
sputtered, evaporated or CVD deposited dielectric with suitable electrical and thermal 
properties. Thereafter, in Fig. 6, a chemical-mechanical planarization (CMP) or other 
15 planarization method is performed to planarize the dielectric layer 10 and stud 8 to a 
desired thickness. This step produces a planar surface, and allows electrical continuity 
between stud 8 and the second conductive layer 16. 

Fig. 7 illustrates the second conductive layer 16 patterned and grown on the 
dielectric layer 10 and stud 8 to form an electrical bridge from stud 8 towards the upper 
20 surface. Again, in this process, metal (i.e., copper) can be deposited using an 
electrochemical deposition or other conventional method, as known in the art. 

Next, in Fig. 8, a second stud 18 is patterned and grown to form the electrical 
interconnection between the second conductive layer 16 and a subsequent third 
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conductive layer 26 layer (see Fig. 1 1). During this process, the conductive material (e.g., 
copper) can be electrochemically deposited. 

Fig. 9 illustrates a yet another dielectric layer 20 being deposited over the second 
conductive layer 16 and second stud 18. Again, the dielectric layer 20 can be formed 

5 using PECVD silicon dioxide, or some other sputtered, evaporated or CVD deposited 
dielectric with suitable properties. Thereafter, in Fig. 10, a chemical-mechanical 
planarization (CMP) or other planarization method is performed to planarize the 
dielectric layer 20 and second stud 18 to a desired thickness. This step produces a planar 
surface, and allows electrical continuity between second stud 18 and the third conductive 

10 layer 26. 

Fig. 1 1 illustrates a third conducive layer 26 such as gold with an adhesion layer is 
sputter deposited and patterned by a dry etch process. The metalization is used for the 
stationary actuation electrode, the stationary contact, and electrical interconnection to the 
bond pads. Thereafter, in Fig. 12, a first sacrificial layer 30 is patterned and deposited by 
15 for example, electrochemical deposition, sputtering, or evaporation over the stationary 
electrode and the stationary contact. One possible material that can be used for the 
sacrificial layer 30 can be electroplated copper. The first sacrificial layer is conformal to 
the surface. 

In Fig. 13, a second sacrificial layer 40 is patterned and can be deposited by an 
20 electrochemical deposition, sputtering, or evaporation on the first sacrificial layer 30. 
This step permits the subsequent formation of the contact bump at a lower level than the 
actuation electrode. As shown, the second sacrificial layer 40 is patterned for shaping the 
subsequently formed movable electrode and movable contact, shown in Figure 14. Thus, 
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the movable electrode and the movable contact can have portions that have different gap 
distances from the stationary electrode and the movable contact area, respectively. 

Next, after forming the second sacrificial layer 40, in Fig. 14, a fourth conducive 
layer 36 (such as gold with an adhesion layer) is deposited and patterned by a dry etch 

5 process. The metalization defines the moving actuation electrode and the moving contact 
pad and is not used for interconnects traversing the sacrificial layer edges. 

Next, in Fig. 15, a beam oxide layer 50 (PECVD silicon dioxide, or some other 
dielectric material) is deposited without patterning. When it is subsequently patterned, it 
will describe the primary structural layer for the switch and the anchor. There is an added 

10 benefit of the passivation of the interconnect lines. Furthermore, the second sacrificial 
layer 40 and first sacrificial layer 30 can be shaped, as shown, for shaping the 
subsequently formed resilient beam, shown in Figure 15. Thus, the resilient beam can 
have portions closer to the base substrate than the movable electrode and the movable 
contact. Therefore, the patterning and deposition of the first and second sacrificial layers 

15 results in a recessed, movable electrode as described above. 

In Fig. 16, vias 60 are etched through the beam oxide layer 50. The vias 60 will 
provide a path for electrical connection between the fourth conductive layer 36 and the 
fifth conductive layer 46 (see Fig. 17). Specifically, the vias 60 provide a connection path 
at the contact, at the actuation electrode, and at the bond pads (not shown in this view). 

20 Via 60 sidewalls are sloped from wet etch process and almost vertiical for the dry etching 
process (which is presented on this figure). 

As described above, a fifth conductive layer 46 (for example, gold with an 
adhesion layer) in Fig. 17 is deposited and patterned with a dry etch process. The 



7 



TUR018 

metalization is used for electrical connection of the contacts, electrical connection to the 
actuation electrode, and the top surface of the bond pads. Next, in Fig. 18, the beam 
oxide layer 50 is patterned and etched during this step. A cut-out 70 is made that defines 
the free perimeter of the beam oxide layer 50 and is of dimension to permit the efficient 

5 removal of the sacrificial layer. A wet etch process will produce beam edges with sloped 
sidewalls, whereas dry etching will create vertical walls, as shown in this figure. 

Finally, in Fig. 19, the sacrificial release step is performed to remove the 
sacrificial material layers 30, 40. Both sacrificial layers 30, 40 are removed during this 
step to result in the freely suspended structure as shown. Referring to Figures 16-19, 

10 these steps include etching vias for providing electrical connection between the movable 
contact and the movable electrode and bond pads on the top side surface of the resilient 
beam. 

The cross section of the structure fabricated with the recessed electrode in 
accordance with the present invention is shown on Fig. 19. The structure shown in this 

15 figure is a switch structure, where the contact region at the bottom of the beam is lower 
than the cantilever beam supporting it, so that the contact is safely established before the 
shorting of the actuation electrodes occurs. However, this invention deals with the fact 
that simultaneously with the patterning of the layers for the definition of the contact 
region (i.e., the second sacrificial layer and the lower electrode metal layer) the recessed 

20 electrode can be formed near the root of the beam. Previously, the actuation electrodes 
were fabricated that were at the same level with the bottom surface of the mechanical 
structure (cantilever beam or the doubly supported beam). 

As shown in Fig. 19, the MEMS switch includes a base substrate having a 
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resilient beam fixed at one end with respect to the base substrate and including another 
end suspended over the base substrate. The MEMS switch further includes a stationary 
contact and a stationary electrode attached to the base substrate. The stationary contact is 
positioned below a movable contact, generally designated contact area 100, attached to 
5 the underside of the resilient beam. The movable and stationary contacts are separated by 
an air gap. The stationary electrode is positioned below a partially or completely 
recessed, movable electrode, generally designated recessed electrode 104, attached to the 
underside of the resilient beam. The movable and stationary electrodes are separated by 
an air gap. 

10 The movable electrode is recessed within the resilient beam. As shown, a portion 

of the underside of the resilient beam is positioned lower than the proximate portion of 
the movable electrode. Furthermore, the movable contact can be positioned lower than 
the proximate portion of the movable electrode so that contact is made with the stationary 
contact prior to contact of the electrodes, thus preventing an undesirable electrical short 

15 of the electrodes. The movable electrode is formed with portions separated from the 
stationary electrode by differing gaps. One portion is separated by a first gap, generally 
designated primary air gap 102. Another portion is separated by a second gap, generally 
designated secondary air gap 106. The secondary air gap 106 is separated from stationary 
electrode by a smaller distance than that of the primary air gap 102. The sizes of these 

20 portions can be changed in order to vary the actuation, sensing, damping, and other 
properties of the switch. 

RF and DC switches with the low actuation voltages are a very desirable and 
marketable product. The RF switches with the low actuation voltages have an application 



9 



TUR018 

in the wireless communications among other applications. When electrostatic actuation 
is applied, the air gap between the actuation electrode laying on the top of the substrate 
and the electrode at the bottom of the beam is typically very small, like 2-3 microns. This 
results in the actuation voltage being low. The other way to increase the electrostatic 

5 force would be to increase the surface of the electrodes, but at one point it becomes 

impractical, because the beam is too compliant and more likely to stick during the release 
process. Further decreasing of the gap size would also result in stiction problems, and it 
would make it difficult for the formation of the reliable contact region that is lower than 
the supporting mechanical structure, because the space would be very limited. Another 

10 drawback of such a scenario would be that any stress and curvature of the beam could 
lead to shorting of the actuation electrodes before the switching occurs. 

The present concept of the recessed electrode solves these problems and enables 
the decreasing of the gap size only at the region close to the root of the beam, so the 
actuation voltage can be lowered while keeping the same size of the actuation electrodes. 

15 Since only the gap at the fixed side of the beam is decreased, the stiction problem and the 
shorting problem are not significantly aggravated, while the performance of the device is 
improved. 

This concept allows the designer to locally customize/vary the air gap of a device 
to affect not only the actuation, but sensing, damping, and other properties. 
20 Fig. 20 illustrates a graph showing the difference in the deflection of the tip of the 

cantilever beam switch as a function of the actuation voltage with and without the 
recessed electrode. Some simulations and modeling of such a switch with the recessed 
electrode have been performed. The simulations are illustrating the improved 
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performance of the device in terms of the desirable low actuation voltage. 

A MEMS switch having recessed, movable electrodes according to the present 
invention can be fabricated using either surface- or bulk-micromachining processes. 
Referring to Figures 1-19 provided after FIG. 1 above, a surface-micromachining process 
5 for fabricating a MEMS switch having recessed, movable electrodes according to an 
embodiment of the present invention is illustrated. Referring to Figure 1, a starting wafer 
is provided'. Referring to Figures 2-10, various interconnects are provided for electrically 
connecting the stationary electrode and the stationary contact to other suitable devices for 
interacting with the MEMS switch. Referring to Figure 1 1, the stationary electrode and 
10 the stationary contact are formed. 

Along with using copper and its alloys as the conductive material, other 
conductive materials such as aluminum, iron, nickel, chromium, indium, lead, tin, lead- 
tin alloys, nonleaded solderable alloys, silver, zinc, cadmium, titanium, tungsten 
molybdenum, ruthenium, gold, paladium, cobalt, rhondium, platinum, their respective 
15 alloys and various combinations of above material with oxygen, nitrogen, hydrogen and 
phosphorous may be used in the present invention. 

In the previous descriptions, numerous specific details are set forth, such as 
specific materials, structures, processes, etc., to provide a thorough understanding of the 
present invention. However, as one having ordinary skill in the art would recognize, the 
20 present invention can be practiced without resorting to the details specifically set forth. 

Although various preferred embodiments have been described in detail above, 
those skilled in the art will readily appreciate that many modifications of the exemplary 
embodiment are possible without materially departing from the novel teachings and 
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advantages of this invention. 



